INTRODUCTION
Granulomas are the key histopathologic features that establish the diagnosis and unify the multisystem signs and symptoms of sarcoidosis. Sarcoid granulomas are sterile, typically noncaseating, and often found in a distinctly lymphatic distribution along the bronchovascular bundles of the pulmonary tree (Fig. 1) . The microarchitecture of the granuloma results from CD4 þ T-cell-mediated recruitment and activation of macrophages, which undergo epithelioid transformation and can also form multinucleated giant cells [1] . Restriction of the T-cell receptor repertoire [2] supports the hypothesis that sarcoidosis is an antigen-driven process, although the antigen remains unknown. At least in acute disease, T-cell polarization is Th1 predominant, and a host of pro-inflammatory cytokines is upregulated, including IFN-g and TNF-a.
Approximately two-thirds of patients enter clinical remission within years of diagnosis. Their long-term outcomes are generally excellent. However, a third of patients experience persistent or recurrent active disease. This is variably referred to as chronic, severe, advanced, refractory, or progressive sarcoidosis [3] [4] [5] 6 && ]. Regardless of the nomenclature, patients with long-standing disease are most at risk of developing fibrosis. Though the pathophysiology and natural history of fibrotic sarcoidosis are incompletely understood, research on this phenotype has increased and already revealed important immunologic and clinical features. Although sarcoidosis can affect a variety of organs, the lung is the most common site of disease with the highest risk of developing fibrosis. As such, this review focuses on fibrotic pulmonary sarcoidosis. In part I, we summarize recent studies on the pathophysiology of fibrotic pulmonary sarcoidosis. We then survey data on clinical features, including imaging, histopathology, and outcomes. We end with a discussion of clinical management. Throughout, we suggest high-impact pathways for future research.
PART I: PATHOPHYSIOLOGY OF FIBROTIC SARCOIDOSIS
Inflammation both precedes fibrosis and anatomically centers it at the granuloma (Fig. 2 ). The mechanisms driving the transition from inflammation to fibrosis are poorly understood, although two phases are evident. The first is development of chronic inflammation, and the second is fibrotic transformation.
Step one: chronic sarcoidosis Studies reveal that chronic sarcoidosis is not simply the persistence of acute sarcoidosis. Rather, it is fundamentally distinct from remitting disease, perhaps from the beginning.
Cytokine responses early in disease are distinct for those who experience remission versus chronic disease. TNF-a levels from alveolar macrophages are higher and transforming growth factor-beta (TGF-b) levels are lower for persons with progressive versus stable sarcoidosis at follow-up [7] [8] [9] . Alveolar macrophages with higher TGF-b release on ex vivo stimulation are associated with higher rates of spontaneous remission of sarcoidosis [9] . These studies have piqued interest in TGF-b as an antiinflammatory cytokine, with opposite roles in disease resolution and fibrosis. Pabst and colleagues demonstrated that TGF-b single nucleotide polymorphism (SNP) frequencies differ for patients with chronic versus acute or limited sarcoidosis [10] . These early cytokine responses may set the stage for resolution versus persistent inflammation and fibrotic change via shifts in Th1-mediated to Th2-mediated T-helper-cell responses [11] .
Chronically activated T effector cells (Teff cells) often display markers of exhaustion, such as upregulation of programmed death-1 (PD-1). In patients with chronic sarcoidosis, PD-1 was upregulated on Teff cells. Moreover, PD-1 blockade restored their proliferative capacity [12 & ]. One hypothesis is that chronic inflammation results from insufficient, exhausted Teff cell activity with failure to clear antigen. Why antigen would not be cleared early in disease, when Teff cells are presumably potent and fully functional, is not clear. Studies of early CD4 þ T-cell function and long-term outcomes will be helpful.
In contrast to Teff cells, T regulatory cells (Treg cells) downregulate immune responses. In patients with stage 2 sarcoidosis, higher serum Treg cell counts correlated with clinical remission after discontinuation of treatment, although the follow-up time of 3 months was short [13] . In another recent study [14] , highly activated circulating Treg cells, with upregulation of inducible costimulator, were observed in patients with Löfgren's syndrome, who have a low risk of chronic disease. Finally, the ratio of Treg to Teff cells in bronchoalveolar lavage (BAL) was significantly higher in patients who, at KEY POINTS Fibrotic sarcoidosis results from progression to chronic inflammatory disease and fibrotic transformation.
Methodologies for studying fibrotic sarcoidosis include correlation of findings early in disease with long-term outcomes and studying immune and genetic features of patients who progress to fibrotic disease.
Recent studies highlight deficiencies in immunoregulation and inflammatory and pro-fibrotic genetic signatures as important contributors to the pathophysiology.
Fibrotic pulmonary sarcoidosis is associated with increased morbidity and mortality because of respiratory insufficiency and the sequelae of airway disease, pulmonary hypertension, and infection.
Fibrotic sarcoidosis is clinically heterogeneous: the natural history and pulmonary and functional impairments should be considered in the assessment of disease severity for each patient. ]. This well-designed study was one of the first to characterize lung Treg cells in sarcoidosis and correlate Treg cells with long-term outcomes. However, sarcoidosis was not newly diagnosed, and studies of lung Treg cell activity early in disease will complement this work. Taken together, there seems to be an association between increased Treg cell activity and better long-term outcomes suggesting deficient Treg cell activity likely contributes to chronic sarcoidosis.
Step two: pulmonary fibrosis
Recent results support the hypothesis that fibrosis results from unbridled inflammation. Gene expression profiles of patients with progressive sarcoidosis, most of whom had evidence of fibrosis on imaging, were similar to those with inflammatory hypersensitivity pneumonitis [6 && ]. In contrast, expression profiles in progressive sarcoidosis did not resemble those of idiopathic pulmonary fibrosis (IPF). However, fibrosis-promoting gene polymorphisms may also mediate fibrotic transformation. Building on earlier work by Kruit et al. [16] , a recent study [10] evaluated TGF-b2 and TGF-b3 SNPs among various phenotypes of sarcoidosis, in which TGF-b is also a key cytokine in fibrosis. TGF-b3 SNP frequencies differed for those with fibrotic and chronic sarcoidosis, defined by persistence of symptoms for at least 2 years, or two or more flares of disease.
Functional assays complement genetic studies. In a recent investigation, TGF-b levels in BAL did not correlate with Scadding stages [17] . However, the cohort with fibrotic sarcoidosis (stage IV) was small, and larger studies are needed. Other cytokines may also be important, including IL-5, which was significantly higher in sera of patients with fibrotic compared with non-fibrotic disease [18] . The same study demonstrated a trend toward higher IL-7 levels among fibrotic patients. Further studies examining early versus late cytokine levels will clarify whether these alterations contribute to the pathophysiology or are merely a marker of fibrotic sarcoidosis. 
Comparing sarcoidosis and other fibrotic interstitial lung diseases
Several recent studies have directly compared fibrotic sarcoidosis with other fibrotic interstitial lung diseases (ILDs), with illuminating results. These studies have focused on alveolar epithelial cell repair and plasticity. MRP14, also called S100A9, was significantly elevated in BAL from both sarcoidosis and IPF patients and correlated with chest radiograph stage in sarcoidosis [19] . Xu et al. [20] recently examined the effect of S100A9 in human embryo lung fibroblasts and found that it promoted fibroblast proliferation and type III collagen deposition. Matrix metalloproteinases (MMPs) modify the lung microarchitecture via fibroblast expansion, myofibroblast differentiation, and extracellular matrix accumulation. In contrast to findings of MRP14/S100A9 elevation, serum MMP1 and MMP7 levels were significantly higher in IPF versus fibrotic sarcoidosis [21] . Divergent MMP signatures may influence lung remodeling, particularly in relation to development of usual interstitial pneumonia (UIP) in IPF versus other patterns of fibrotic change seen in non-IPF ILD, including sarcoidosis.
PART II: CLINICAL FEATURES OF FIBROTIC SARCOIDOSIS
Recent efforts to better characterize radiographic and pathologic features of fibrotic pulmonary sarcoidosis both refine our understanding and impact prognosis.
Radiographic features of fibrotic sarcoidosis
Radiographic findings of fibrotic sarcoidosis include thin linear bands, dense fibrotic masses, and cystic lung disease. The degree of parenchymal destruction varies from minimal to extensive ( Fig. 3 ). Cysts develop from bronchiectasis or, less commonly, represent typical UIP honeycombing. Abehsera et al. [22 && ] were one of the first groups to systematically catalog radiographic findings in fibrotic sarcoidosis. In a more recent review, Nishino et al. [23] further highlight that radiographic fibrosis, following the distribution of inflammatory sarcoidosis, is middle and upper lobe predominant, as are honeycomb cysts when they are observed.
An important question is whether radiographic features in early sarcoidosis can predict eventual development of pulmonary fibrosis. Scadding chest radiograph stages correlate with long-term disease activity [24] . Whether specific parenchymal features, best discerned on computed tomography (CT) imaging, can predict development of fibrosis in particular is not known. Polverosi's group recently assessed the relationship between early radiographic features and chronic disease, a prerequisite to fibrosis [25] . Patients with typical sarcoid findings, including nodular lesions in a lymphatic distribution, were more likely to have clinical improvement at followup compared with patients with atypical findings. Although fibrosis was noted in at least one patient with atypical findings, the outcome of pulmonary fibrosis was not specifically measured. Further longitudinal imaging studies will be instructive.
Histopathology features of fibrotic sarcoidosis
The key histopathologic finding is fibrotic destruction at sites of prior granulomatous inflammation. This process may be so extensive that often only a few to no granulomas are observed in end-stage disease. Three recent disease studies, with somewhat contradictory findings, raise interesting questions about the lung injury response in sarcoidosis. Shigemitsu et al. [26] reviewed the explants of seven patients with sarcoidosis. Four patients had interstitial lymphocytic infiltrates, an unexpected finding in chronic sarcoidosis. Those with such infiltrates progressed more quickly to end-stage disease (4.8 versus 23.3 years), raising the possibility that a subset of patients with sarcoidosis may be rapid progressors. In addition, two had an overall pattern 'indistinguishable from UIP', defined as the presence of patchy infiltrates with fibroblast foci. Zhang et al. [27] also found that 3 of 12 patients who underwent lung transplantation for sarcoidosis had either overlapping features of sarcoidosis and UIP or UIP alone. In a review of nine explants of patients with sarcoidosis, honeycombing in sarcoidosis represented bronchiectasis, where central airway dilation was present in all patients [28 & ]. The question of whether a UIP injury response is a potential manifestation of sarcoidosis, as it is in other granulomatous diseases such as hypersensitivity pneumonitis, is important to consider, as wound-healing responses impact natural history. Further disease studies will continue to inform our understanding of the pathophysiology, particularly when histopathology features are correlated with imaging and with important clinical features, such as length of disease.
Outcomes in fibrotic sarcoidosis
The development of pulmonary fibrosis in sarcoidosis converts a relatively benign disease into a highly morbid and potentially fatal one [29] . Patients who develop fibrotic pulmonary sarcoidosis have increased rates of death, with 75% of mortality due to respiratory causes [30] . In one study [31 & ] highlighting racial differences in outcomes among the US population, African Americans died at an earlier age and were more likely to have pulmonary hypertension, whereas white decedents had higher rates of pulmonary fibrosis. Along with pulmonary hypertension, pulmonary fibrosis is a key harbinger of worse prognosis and is heavily weighted in the recently reported clinical algorithm for sarcoid outcome prediction [32 && ].
PART III: CLINICAL MANAGEMENT OF FIBROTIC SARCOIDOSIS
Fibrotic sarcoidosis results in numerous cardiopulmonary sequelae that impair quality of life and increase mortality [33] . Fibrocavitary parenchymal lung disease results in chronic pulmonary symptoms and exercise limitation and may cause respiratory insufficiency associated with airflow obstruction, bronchial stenosis, and bronchiectasis. Airflow obstruction may be caused by granulomatous airway inflammation or, in patients with advanced sarcoidosis, by parenchymal fibrosis [3] .
Other potential complications of fibrotic sarcoidosis include pulmonary hypertension, pulmonary aspergillus syndromes including aspergilloma and chronic aspergillus infection, and opportunistic infection. These complications and their treatment approaches are summarized in Table 1 . Pulmonary hypertension results from a variety of mechanisms including obliteration of the pulmonary capillary bed by fibrosis, extrinsic compression of pulmonary arteries from mediastinal adenopathy or fibrosis, direct granulomatous involvement of the pulmonary vasculature, pulmonary venoocclusive disease, chronic hypoxemia, and left heart dysfunction [34] [35] [36] . Immune dysregulation and impairments in airway clearance foster development of aspergillus infection in some patients [33] . 
Assessing for active inflammation
The complications listed in Table 1 should be considered for all patients with fibrotic disease and pulmonary symptoms or limitations. In addition, some patients require immunosuppressive therapy. While patients with fibrotic pulmonary sarcoidosis may have 'burnt out' disease, a subset has active, potentially treatment-responsive inflammation. Unfortunately, determining which patients are in this group is not always easy or straightforward. A high resolution CT (HRCT) scan can be useful. Micronodular lesions and ground glass abnormalities are associated with improvement on therapy [37] . There is also increasing interest in fluorodeoxyglucose-PET/CT (FDG-PET CT) scans to detect metabolic activity in granulomas. Mostard et al. [38 & ] retrospectively assessed 95 patients with sarcoidosis for whole-body PET scan and HRCT findings. Overall, pulmonary PET positivity was detected in 56 patients (59%), and the vast majority of patients with fibrotic changes on HRCT had positive PET findings. A semiquantitative HRCT score for typical parenchymal sarcoidosis was higher in patients with positive compared with negative PET scans. These results contrast with those of a larger retrospective study, in which fibrotic sarcoidosis had a lower rate of PET positivity [39] . Pulmonary PET scans were positive in 16 of 22 patients with Scadding radiographic stage II and III sarcoidosis, but only 2 of 22 patients with stage IV pulmonary disease. Notably, 11 patients with repeat scans after corticosteroid therapy demonstrated decreased PET positivity. Along with the correlation of PET-CT findings observed in Mostard's study, this supports the validity of PET scans to detect disease activity in sarcoidosis. In addition to CT and PET findings, assessment of symptom progression and pulmonary function aid in treatment decisions [40] . A decrease in forced vital capacity of more than 10% or diffusing capacity of the lung for carbon monoxide more than 20% in 1 year is suggestive of active, progressive lung disease.
Treating fibrotic pulmonary sarcoidosis
The treatment approach for fibrotic sarcoidosis with coexisting inflammation is similar to that of nonfibrotic sarcoidosis. Corticosteroids, begun at the dose equivalent of 20-40 mg of prednisone daily and tapered to the lowest possible effective dose, are first-line therapy. Additional immunosuppressive agents should be considered for patients intolerant of corticosteroids, requiring high long-term doses (prednisone > 10 mg daily), or whose lung disease continues to progress. Methotrexate is a common second-line agent [5] . The TNF-a inhibitors infliximab and adalimumab have reasonable safety profiles in appropriately selected patients. Infliximab is the only immunosuppressive agent with a randomized-controlled study to include patients with fibrotic sarcoidosis [41, 42] . Rituximab has been used in refractory pulmonary disease with descriptions of stabilization in lung function and radiographic imaging in a recent case report [43] . Other sarcoidosis immunosuppressive therapies may also be effective in patients with coexisting fibrosis and inflammation.
Similar to other forms of severe parenchymal lung disease, acute exacerbations are not infrequent in sarcoidosis and may require augmented therapy. A recent retrospective study [44] of fibrotic pulmonary sarcoidosis demonstrated a median of three acute worsening events per year. A review of the literature suggests that risk factors for acute exacerbations include African-American race, longer disease duration, and previous treatment with corticosteroids [45] . Acute exacerbations may respond to augmented corticosteroid therapy after infection and other etiologies of respiratory worsening such as pulmonary embolism and cardiac dysfunction are ruled out.
Clinical management of fibrotic sarcoidosis is not limited to immunosuppression. A recent study [46 & ] demonstrated more than 10% improvement in 6-min walk distance after a 12-week physical training program in six patients with end-stage fibrotic pulmonary sarcoidosis. Sarcoidosis associated pulmonary hypertension may be responsive to vasodilator therapies used for idiopathic pulmonary arterial hypertension [36] . Aspergillosis usually stabilizes or improves on long-term antifungal treatment. Finally, appropriate referral for lung transplantation is important [47] . Despite being uncommon, lung transplantation for pulmonary sarcoidosis is successful with outcomes comparable with other lung transplant recipients [47] .
CONCLUSION
Not all patients with long-standing inflammation develop end-stage disease, and predicting who will progress is difficult. Once pulmonary fibrosis occurs, the greatest challenge in clinical management is determining if active inflammation is also present. When it is, a trial of immunosuppressive therapy is often warranted. Ongoing surveillance for disease complications is also essential.
Looking ahead, more research is needed to better understand fibrotic sarcoidosis, the most understudied phenotype of pulmonary sarcoidosis. Fibrotic sarcoidosis comprises a heterogeneous group, in which pulmonary impairments range from minimal to life threatening. Subphenotyping patients is helpful, perhaps by radiographic features [22 && ], or by severity of pulmonary impairment [48] . Important topics for future studies are reviewed above. We highlight future studies of key cytokines such as TNF-a, and examination of T-cell subsets and function throughout the course of sarcoidosis as particularly important. Mechanisms of fibrotic transformation in other chronic inflammatory diseases may ultimately inform our understanding of fibrotic sarcoidosis [49] .
